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Abstract
The paper explores seasonal movements of Bronze Age mobile pastoralists in the western
Tianshan mountainous region of Xinjiang, China. Fieldwork by a team from the Institute of
Archaeology of the Chinese Academy of Social Science (CASS) and the University of Syd-
ney, Australia have identified cyclical land use practices associated with the Andronovo cul-
tural complex. Their pattern of seasonal movements has been reconstructed through
ethnographic studies and analysis of modern snow and grass cover. Using this detailed
combination of data, the study defines requirements for seasonal pastures–winter, summer
and spring/autumn–and shows a clear correlation between modern land use and seasonal
patterns of movement in the Bronze Age.
1. Introduction
Western Xinjiang is a land of mountains where the narrow ridge of the Tianshan is split in two
by the Yili River. The high steep-sided peaks are permanently glaciated, forming numerous
rivers cutting deep valleys down to the desert below. The upper slopes below the snowline are
forested, with open patches of grassland. With the exception of the Yili Valley, rainfall is low,
and the land is not well suited to agriculture, although dry farming is possible in some particu-
larly favourable places. Irrigation agriculture is practiced today at the foot of the mountains,
exploiting permanently flowing rivers fed by snow and glacial meltwater. Historically, the
main economic strategy has been transhumant pastoralism, taking advantage of the extreme
ranges of altitude and the rich seasonal grassland pastures. This is still the case today where
Kazakhs and Mongols, who have historically migrated into this region, herd sheep, goat, cattle
and horses in a round of seasonal movement. Archaeologically, this lifestyle can be traced back
in various forms to the Bronze Age when the first herders moved into the western Tianshan
from the Eurasian steppe.
Transhumant pastoralism is characterized by regular movement of herders and their live-
stock between fixed points to exploit the seasonal availability of pastures [1]. In western Xin-
jiang, annual movement is vertical and typically fairly short range, generally from 20–200 km.
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Although the herds provide the main basis of the economy for most pastoralists in the region,
almost all of them engage to a greater or lesser extent in limited agriculture, depending on the
environment in which they operate. Contemporary pastoralists in the lush Yili Valley cultivate
quite large numbers of fields, both for fodder and for cash or food crops, but in the more arid
Bortala Valley, agriculture is relatively limited. Going back into prehistory, the Eurasian
Bronze Age is widely characterised as being based on a pastoral economy, but little work has
been carried out on the precise nature of that economy beyond identification of the animals
and plants that supported it. In particular, few studies have been undertaken on the nature of
seasonal movement in relation to economic management, a notable exception being the work
of Frachetti [2] in the Semirech’ye region of eastern Kazakhstan. The aim of this paper is to
reconstruct models of seasonal movement for Bronze Age pastoralists in western Xinjiang.
The archaeological evidence, while extensive, is insufficient to determine the structure of sea-
sonal movements with any degree of precision, nor is the reasoning behind choices for camp
sites clearly identifiable. To model these for the archaeological record, this study uses data
drawn from ethnographic studies and analysis of modern snow and grass cover. Fieldwork
permission (No. 350) was issued by the Chinese State Bureau of Relics to D. Cong (3196027).
2. The Bronze Age in Xinjiang
The first Bronze Age peoples appeared in Xinjiang in the 3rd millennium BCE, mobile pasto-
ralists superseding, and probably blending with, the last communities practicing age-old life-
styles of hunting, fishing and foraging who had dominated the wider region since the
Palaeolithic. Bronze Age groups first appeared in the northern part of the Inner Asian Moun-
tain Corridor bordering western Xinjiang when the eastward spread of Yamnaya peoples from
beyond the Ural Mountains created the rise of a local Early Bronze Age culture, the Afana-
sievo, in the Altai Mountains. Afanasievo people in the Altai-Sayan region are genetically
indistinguishable from Yamnaya populations, confirming an eastward expansion across the
steppe [3]. Afanasievo groups are also linked to the oldest known evidence for dairy consump-
tion in the eastern Eurasian steppe, suggesting that human migration into the Altai was associ-
ated with the introduction of domestic livestock [4]. Although a few Afanasievo burials have
recently been reported in western Xinjiang [5–7], the first strong evidence for Bronze Age
groups there appears with the Qiemu’erqieke (Chemurchek, Khemtseg) population in the
north of Xinjiang [8] and Xiaohe/Gumugou to the south [9]. The Qiemu’erqieke culture can
be dated broadly from around the mid-3rd millennium BCE, with the tradition as a whole last-
ing probably up until c. 1700 BCE [10]. Xiaohe/Gumugou dates also from the mid-3rd millen-
nium to the mid-2nd millennium BCE [9]. Qiemu’erqieke and Xiaohe/Gumugou emerged out
of Altaic/Mongolian and east Eurasian populations [11–13], while a third early group, the
Tianshanbeilu culture, appearing in the oasis of Hami at the eastern end of the Tianshan, had
its ancestry to the east in early oasis farming populations in Gansu and the Hexi Corridor [10,
14]. By the early 2nd millennium BCE, new Eurasian agro-pastoralists moved in from the
west, occupying some of the same lands as the southerly expansion of Qiemu’erqieke peoples.
They spread into the western hills and mountains of Xinjiang, along the Tianshan towards the
east, and south into the Pamirs, close to the western end of the Tibetan Plateau. This group
shared broad affinity with the loosely defined Andronovo complex that appeared widely across
Eurasia in the later Bronze Age [15–17], more specifically the eastern Federovo variant [18].
A long-term project to conduct a detailed study of Andronovo groups in Xinjiang is in
progress under the leadership of a team from the Institute of Archaeology of the Chinese Acad-
emy of Social Science (CASS) and the University of Sydney, Australia. The team has been
working in Wenquan County, in the Bortala River area, in the far west of Xinjiang [18, 19],
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particularly at the occupation site and associated burial grounds of Adunqiaolu. The Upper
Bortala River, also known as the Wenquan (Hot-Springs) River, originates between the Alatao
and Biezhentao Mountains in the western Tianshan, flowing eastward through Wenquan (Hot
Springs) County (Fig 1). It then joins the Daheyanzi River and runs out into Aibi (Ebinur)
Lake. In the upper reaches of the Bortala River, the river bed lies close to the foothills of the
Biezhentao Mountains on the south bank and on the north bank is separated from the Alatao
Mountains by a wide band of gently sloping alluvial fans at an elevation of about 2000 m a.s.l.
Behind the alluvial fans are low hills, backed in turn by the mountains. The alluvial fans form
important areas of open pasture in the semi-arid steppe, drained by a dense network of sea-
sonal streams. The east-west orientation of the valley provides the north bank with maximum
exposure to seasonal sunlight. Altitude ranges from c. 1000 in the riverbed to c. 4000 m a.s.l. in
the mountains.
Located far from any oceans, the region has a temperate, semi-arid, continental climate.
The annual average temperature is around 3.6˚C. Temperature extremes range from a maxi-
mum of 37.2˚C to a minimum of -35.9˚C [20]. Generally, the lowest temperature of the year
occurs in January, with an average of -15˚C, while in July the mean temperature is around
23˚C [21]. Rainfall is low with an annual average precipitation rate of c. 200mm, mainly con-
centrated from May to July, when the region experiences about 60% of the annual total. The
other months are much dryer, with monthly precipitation between November and March at
usually less than 10mm. The vegetation types in Wenquan county are determined largely by
the region’s distinct zones of elevation [22]. In the mountain foothills steppe vegetation is the
most common, composed mainly of stipa grasses, including S. caucasica, S. grandis, S. orienta-
lis and S. sareptana. Plants including sagebrush (Artemisia frigida), fetusca grasses (F. ovina,
Fig 1. A general view of the Bortala valley looking to the northwest from the town of Wenquan (A. Betts).
https://doi.org/10.1371/journal.pone.0240739.g001
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F. rupicola), and Seriphidium gracilescens are also commonly included in the steppe commu-
nity. Areas adjacent to and above the steppes are covered with meadow vegetation, with the
dominant plants represented by artemesia (Artemisia subulate), sedge (Carex stenocarpa) and
annual meadowgrass (Poa annua). Alpine vegetation composed of cushion-like rock jasmine
(Androsace) dominates on the higher slopes. Forests of Asian spruce (Picea schrenkiana) alter-
nate with steppes and meadows, principally on the northern sides of the mountains. Around
the Adunqiaolu site, stipa steppe is found widely and constitutes the main landscape. Spruce
forest is rare, while in the river valley bottoms poplar (Populus) and willow (Salix) are
common.
As is generally the case with prehistoric pastoralist populations, Bronze Age remains
include many cemeteries, but in the Bortala Valley there is also clear evidence of settlement
through the presence of stone house footings of distinctive plan. Bronze Age stone-based habi-
tation sites might be far more widespread than previously assumed. This type of monument
extends into northern Xinjiang [23, 24], Kazakhstan [25], the Russian Altai and Tuva Republic,
although there is an ongoing debate whether smaller versions are connected to seasonal habita-
tion [26] or should rather be interpreted within a ritualistic framework [27, 28]. Archaeologi-
cally, investment in construction of stone houses is often taken to indicate permanent
settlement, but this is clearly not the case in the Bortala Valley. A body of evidence shows that
the houses were used on a rotating seasonal basis; investment in the construction of permanent
buildings was worthwhile because the houses were used regularly over many years. This can be
proven in various ways, one of the most valuable of which is the recent ethnographic record.
Despite the fact that the modern pastoral populations in the region have tents, they construct
stone or timber houses which they occupy seasonally, making use of their tents only in the
warmer months when they move more widely in search of good pasture. As is the case today,
the Andronovo people appear to have constructed houses in differing locations according to
the cycles of the seasonal round: for winter, for summer and for the various mid-seasons at
either end of the year. Bronze Age houses have been found at high altitudes around 3000 m a.s.
l. near the summer campsites of local herders in locations that would be uninhabitable in win-
ter due to deep snow cover and sub-zero temperatures (2016 test pit excavation, unpublished
database). Large residential structures have been identified on mountain slopes at the relatively
high altitude of 2300 m a.s.l. next to the winter campsites of the modern herding community
at Adunqiaolu [18, 29]. As part of the work of the CASS and University of Sydney team in the
Bortala Valley, several field seasons have been devoted to study of recent camp sites and herd-
ing practices in order to gain a deeper understanding of Bronze Age land use patterns and eco-
nomic decision making.
3. Seasonal movement of modern pastoralists
3.1. Seasonal movement
Traditional subsistence economies in the valley comprise seasonal transhumant pastoralism,
combined with limited cultivation. The modern vertical transhumance pattern is driven by the
seasonally oscillating availability of pastureland resources at different altitudes. Transhumance
usually includes four major movements correlated with changes through the seasons. There is
an annual migration between three seasonal campsites; the local term for the traditional pat-
tern of animal management is “four seasons and three locations”. The herders move their ani-
mals following the four seasons, spring, summer, autumn and winter, to provide animals with
the best grazing. “Three locations” means that the herders use only three major campsites
within three pasturelands over the four seasons, using the same campsite for both spring and
autumn. Each campsite is constructed differently, according to the specific needs of the season
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or seasons in which it is used (Fig 2). The herders move to the spring camps in mid to late
March to prepare for lambing. The spring and autumn camps are located in the same place,
usually on an open flat low-lying area at around 900–1200 m a.s.l. In these milder seasons the
location of adequate grazing takes priority over access to water which may be some distance
away. In the low-lying areas the spring grass appears earlier than elsewhere and lasts longer
into the autumn. The spring/autumn camp is also near arable land suitable for growing crops
or hay, and most herders have a block of land which is used primarily for the cultivation of
fodder crops to supplement winter grazing. In early May the move is made to the summer
camp when high altitude pastures first start growing. Here the animals are kept until late Sep-
tember. The summer pastures generally lie around the tree line at 3200 m a.s.l. In late Septem-
ber the herds are brought down again to the lowlands to the autumn/spring camp. At this low-
lying camp the grazing is available as late as possible into the cold season. In early December
the last move of the year is made to the winter camp.
Variations on this type of seasonal pastoral transhumance can be found throughout the
Eurasian steppe, in Central Asia, Iran and in the Near East [30–33]. The choice of location and
number of seasonal camp sites may differ according to local climate and landscape. Cribb [33,
34] describes a similar pattern of three seasonal camps used over four seasons among western
Iranian herders in Luristan. In highland Asia, herders on the Tibetan plateau and some pasto-
ralists along the Himalayan rim may only have two seasonal campsites, for summer and winter
Fig 2. Differences in seasonal camps in the Wenquan area.
https://doi.org/10.1371/journal.pone.0240739.g002
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respectively [34]. In the Altai Mountains, Kazakh herders may have more than three locations,
depending on local conditions [35].
Over many generations of herding practice, local people in the Bortala Valley have devel-
oped a deep understanding of how best to use the landscape through the changing seasons
(Figs 3–5). For the herders of Wenquan, the best winter pastures are in mid-altitude locations
at Adunqiaolu and Kazan, while the summer pastures are located at high elevations in Husta,
Harnur, Anji and around Sarimu Lake. Autumn/spring pastures are low-lying, near the river.
The location of each seasonal camp is selected according to specific conditions.
Given the extremely cold climate during the winter within high latitude regions such as the
Tianshan, the most important issue for local herders is to find a good location to stay during
the winter. Among pastoralist societies, winter is a particularly difficult period for both
humans and animals, not only due to the cold climate but also because there is a higher risk of
natural disasters. Two major winter threats (dzud) [36, 37] are exceptionally heavy snowfall
called the “white disaster”, and drought caused by very little snowfall, called the “black disas-
ter” by herders all over the Eurasian steppe [30–33]. Heavy snowfall can cause severe problems
for herders since thick snow cover can prevent the animals from accessing natural grazing. If
there is insufficient fodder in storage, the animals may die in large numbers. Heavy snowfall
can also cut off all road connections, leaving the herders and animals in the winter pastures
Fig 3. Transhumant routes among the local herders in Wenquan. Map created using ArcGIS Pro 2.5.0. Single use licence issued to Meng Qi by ESRI Australia Pty Ltd
(Environmental Systems Research Institute). We acknowledge the use of Esri base maps as noted in the image.
https://doi.org/10.1371/journal.pone.0240739.g003
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isolated from major population centres. If the animals become weak and sick the herders have
no access to veterinary treatment and medications. By contrast, in the case of a “black disas-
ter”, there may be insufficient snow to provide water for both humans and animals.
Over hundreds of years of experience, local herders have selected a range of different areas
as optimal locations for winter pasturelands. Winter camps need to be placed in a south-facing
spot sheltered by a small hill, or in a south-facing depression in a mountain valley. The shelter,
and south-facing aspect exposed to maximum winter sunlight, limit the amount of snow lying
on the pastureland. Sheep need less than 15 cm depth of snow accumulation to access grass
under the snow. However, some snow is required so that it can be collected to provide a water
supply for both humans and animals. These winter pasturelands could also be used to graze
animals in other seasons as well, but this is not always the case. For instance, the grassland at
Adunqiaolu about 2000 m a.s.l. is a favoured winter pastureland and although there is also
good grass there in summer the local herding community conserves this by a ban on herding
in this area except in winter. The Adunqiaolu pastureland is optimally suited for winter camps
(Fig 6). The strong wind along the valley prevents the snow from drifting and it generally lies
less than 15 cm deep, while the entire area faces south towards the sun. There are also small
hills sporadically distributed across the slope, forming sheltered spots and depressions suitable
for winter camps. The area has long been used in winter and today more than a hundred
Fig 4. Kazak herders in the Yili Valley migrating to their winter camp at Kazan in Wenquan in mid- November 2016 (P. Jia).
https://doi.org/10.1371/journal.pone.0240739.g004
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camps are located in this area, making it one of the best winter pasturelands in Wenquan
County.
For the summer camp there is a quite different set of criteria. The site must have an open
flat area to build the camp and a sheep fold. It should be cool during summer, near a fresh
water supply such as a spring, a stream or a river, and there needs to be a good supply of high-
quality grazing. Glacial meltwater in summer contributes to increased water flow in the rivers
and streams and to the appearance of numerous springs at higher elevations [25]. In the upper
Bortala Valley, these conditions for summer pastureland are usually found up in the mountain
areas, up to 2600–3000 m a.s.l. in places such as Harnur, Angji and the grassland surrounding
Sarimu Lake (Fig 7).
For spring and autumn, the Bortala valley pastoralists generally select a single location for
both camps (Figs 8 and 9). These campsites are usually down in the river valley at a lower alti-
tude than the winter and summer camps so that spring comes earlier, and autumn lasts longer
than in the other areas. Autumn and spring are also key periods for animal reproduction, in
order to time lambing to coincide with spring. Partitions are built within the sheepfolds to iso-
late the rams with the mature ewes in autumn and to separate out the pregnant ewes, lactating
ewes and young lambs during the spring. Otherwise, rams are kept isolated from the rest of the
Fig 5. Transhumance from the summer pastures at Harnur to the autumn camp in the river valley in early September 2018 (D. Cong).
https://doi.org/10.1371/journal.pone.0240739.g005
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flock for most of the year except during the winter after the ewes are already pregnant. The flat
land near the river may also be used for fodder production (hay) for winter.
However, not all local herding patterns follow the “four seasons and three locations” since
even within the small section of valley around Wenquan County area pasture and climate are
highly diversified. For some areas such as the Husta grassland which stands at a relative low
altitude (1600–1800 m a.s.l.) on the southern slope of the Alatao mountains with a moderate
climate and good pasture from spring through summer into autumn [38], herders need to
move only twice, once in spring up to the Husta pastureland and again in autumn to winter
camps at Adunqiaolu. By contrast, some herders using relatively high altitude (2900 m a.s.l. or
above) summer pastureland, such as Bangba’s (a local Mongolian herder) summer pastures,
Big and Small Angji on the high slopes of the Tianshan (Fig 7), may need several short-stay
intermediate campsites and pasturelands between the spring and summer pastures. Speed of
movement is dictated by increasing temperatures and growth of grass during the spring.
Exploiting several short-stay pastures one by one, the herders can move slowly up to the high
pastures at Angji by the time full summer arrives. Such intermediate campsites are also used
during the summer-autumn transhumance. When the temperature starts to fall on the high
Fig 6. Modern winter camp at Adunqiaolu with little snow cover on the adjacent pasture. The camp faces south towards the sun with a small hill behind (P. Jia).
https://doi.org/10.1371/journal.pone.0240739.g006
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mountain pastureland in autumn, Bangba moves to the lower campsite (Fig 9), and then on
again to the autumn camp when the temperature becomes too cold for the animals.
3.2 Ethnographic analogies
The application of ethnographic analogy to archaeological data is often perceived as problem-
atic [e.g. 39, 40] and merits some discussion in relation to this study. In this case, there are two
parts to the analogy which should be considered separately. Firstly, there are some basic con-
stants. The landscape of the Bortala Valley has not changed substantially between the Bronze
Age and the present day. Latitude and altitude remain the same and the sun still stands in the
south. The needs of the domestic animals, sheep, goat, cattle and horses, while making allow-
ances for modern breeds, remain overall very similar. There are climatic differences, as dis-
cussed below, but they are not so extensive as to radically change the types of economic
options available to subsistence occupants of the valley. The second part of the analogy con-
cerns socio-cultural patterning. Modern day herders operate in the context of an urban based
market economy and within a centralised state. Bronze Age agro-pastoralists functioned as
extended familial or sub-tribal groups within an unconstrained landscape. These differences
influence decision making, particularly in the spring and autumn camps. The spring and
autumn camps are primarily selected on the basis of early and late grazing, but today proximity
to roads, transport and markets is also a factor. Access is a factor in all modern seasonal
choices. Where in the Bronze Age support in times of difficulty would only have been available
Fig 7. Wenquan herder Bangba’s summer camp at Big Angji, a high-altitude summer pastureland (2700 m a.s.l.) (P. Jia).
https://doi.org/10.1371/journal.pone.0240739.g007
PLOS ONE Seasonal movements of Bronze Age transhumant pastoralists in western Xinjiang
PLOS ONE | https://doi.org/10.1371/journal.pone.0240739 November 4, 2020 10 / 24
from near neighbours in local pastures, today regular contact is needed at all times of year
between the town and the camps.
Critics of ethnographic analogies also recognise these two sides to the problem. A key issue
is that cultures may diverge sharply in their responses to given economic-ecological con-
straints [48]. Hawkes [41] suggests that the further removed the subject of the analogy is from
physical, natural constraints, the greater the ‘human’ element and thus the greater the proba-
bility of culturally diverse practices. However, we argue that in this case the degree of removal
is slight. The approach taken in this paper is supported by Gould [42] who argues that if
archaeologists are able to identify physical and biological limiting factors imposing essentially
invariant constraints on human behaviour, it is then possible to formulate hypotheses about
the behaviour of past populations under the same or very closely similar conditions. Wylie
[39] notes that this relates to a very narrow set of circumstances, “in those rare limiting cases
where the reconstructed behaviour is, by nature, a direct and exclusive consequence of imping-
ing ecological or material conditions”, but she suggests that in these cases the inferences may
Fig 8. Traditional spring/autumn campsite for local herders. The site was abandoned after the herders moved to a newly constructed government funded house with an
animal fold in a permanently settled village (P. Jia).
https://doi.org/10.1371/journal.pone.0240739.g008
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be raised “to the level of deductive security”. Gould too agrees that such instances are rare,
such as “where a particularly restrictive natural environment limits the options for survival”.
We argue that the choice of seasonal encampments is, and was in the Bronze Age, governed by
very specific ecological and environmental constraints which limit the influence of cultural dif-
ferences to a degree that modern ethnographic data may be used to construct hypotheses
about Bronze Age seasonal patterns of movement.
4. Methodology and results
The ethnographic study clearly shows that in understanding transhumance patterns in western
Xinjiang, elevation alone is too simplistic as a proxy for seasonal patterning. Selection of sea-
sonal locations is defined by the accessibility, quality and availability of grazing, but not neces-
sarily all together. Winter accessibility is intricately linked to snow cover which sees major
variations throughout the years. Pasture quality is related to the available water supply for a
Fig 9. Intermediate campsite used during the spring–summer transhumance (1800 m. a.s.l.). The circular dark patch of soil surrounded by a fence is the animal fold.
The small log-built hut sees only seasonal use for the herders to stay (P. Jia).
https://doi.org/10.1371/journal.pone.0240739.g009
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specific range land. Considering these as the main environmental parameters which define the
ideal usage pattern of a given range land, we are developing a model to determine pastoralists’
choices for seasonal movements. Like every model this is a radical simplification of a complex
human-environmental interaction, but we are trying to capture the essence of what makes a
specific location preferable to others with regard to a localized subsistence economy. We ana-
lyze the dynamic parameters of pasture quality and snow cover throughout the year. It is clear
that this approach omits for example interactions between different human groups, such as
access limitations, traditionalized land tenure, or special treatment of parts of the landscape
connected to grazing bans during certain times of the year. The limitations and simplicity,
however, have the advantage that we can validate the model with the ethnographic accounts
provided above and identify mismatches and problems for which additional explanations are
necessary. We want to test whether snow cover and pasture quality are factors that allow us to
determine the ideal use of a particular range land and validate the outcome based on the eth-
nographic data.
4.1 Study area spatial limits and boundary definitions
The analysis was conducted covering the entire Bortala Valley. In order to distinguish mean-
ingful grazing ground entities, we applied the designations made by local pastoral nomads liv-
ing in the area. Using raster data covering the entire valley, we would be able to define the
suitability of a grazing area on a pixel by pixel basis (depending on the resolution of the data
this is 500m x 500m for MOD10A2 and 10m x 10m for Sentinel2 red and NIR bands). How-
ever, we choose to base our evaluation on the coarser, but more meaningful ethnographic
usage patterns. This allows for better delineation of the grazing grounds and a direct compara-
bility as to whether the applied approach is able to reflect the current land use patterns in the
area. The analyses were conducted for the following pasture areas: Adunqiaolu winter pasture,
the core area of Adunqiaolu winter pasture, the Kazan winter pasture, the Wenquan spring/
autumn pasture, the Husta spring/summer/autumn pasture, the core area of the Husta pasture,
the eastern and western part of the Harnur summer pasture, the north-western Adunqiaolu
summer pasture, the core area of the north-western Adunqiaolu summer pasture, and the Sar-
imu Lake summer pasture (Fig 10). The delineation of these pasture areas is based on the eth-
nographic survey described above. Local herders mentioned these areas of usage to P. Jia, who
then mapped the extent of the range lands by the key points derived from the handheld GPS.
We analysed three areas which were designated as winter pastures through the ethnographic
survey: The Adunqiaolu winter pasture, its core area, and the Kazan winter pasture. Note that
the core area of the Adunqiaolu winter pasture is fully included in the larger Adunqiaolu win-
ter pasture and therefore highly correlated with the latter. Three areas which were considered
to be fit for grazing in spring and autumn were analysed: the Wenquan spring/autumn pas-
ture, the Husta spring/summer/autumn pasture, and its core area. Five designated summer
pastures were analysed: Harnur East summer pasture, Harnur West summer pasture, Adun-
qiaolu Northwest summer pasture and its core area, and the Sarimu Lake summer pasture.
Again, Adunqiaolu and its core area are ethnographically distinguished, and the former
encompasses the latter which leads to a high degree of correlation. Harnur East and Harnur
West are connected.
4.2 NDVI processing
The Normalized Difference Vegetation Index (NDVI) is one of the most important methods
for vegetation monitoring since Rouse developed it in 1972 [43]. This method is mainly depen-
dent on the difference between healthy green vegetation and other land surface reflectance
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(including unhealthy/dry vegetation) in both red and infrared wavelengths [44]. The underly-
ing principle of the NDVI is that healthy green vegetation reflects more infrared radiation and
absorbs more energy in the red wavelength when compared with damaged vegetation or non-
vegetated surfaces [44].
The NDVI value is defined by the ratio of:
NDVI ¼
NIR   RED
NIRþ RED
ð1Þ
where NIR is the near-infrared wavelength reflectance, and RED is the reflectance in the red
wavelength. The resulting values are ranging from −1 to 1, where −1 indicates no presence of
vegetation at all, and 1 indicates dense levels of healthy vegetation [44].
In this model, 161 Sentinel-2 images acquired between December 2016 and February 2018
[45], were utilized to calculate NDVI rasters for the Bortala Valley, Xinjiang, China. 96 images
were acquired by Sentinel-2A (S2-A) sensor between December 2016 and February 2018, and
sixty-five images were acquired by Sentinel-2B (S2-B) between July 2017 and February 2018.
After each image is radiometrically calibrated, the NDVI is processed. Then, a stack of NDVI
results is created for each month between December 2016 and February 2018 as presented in
(Table 1). We created a mosaic for each month based on the highest NDVI value among all
stack images. The selection of the maximum value was chosen in order to overcome influences
Fig 10. Location and area of seasonal pastureland in Wenquan: 1. Kazan Winter pasture 2, Adunqiaolu northwest summer pasture, 3. Adunqiaolu northwest core area of
summer pasture, 4. Adunqiaolu winter pasture, 5. Core area Adunqiaolu winter pasture, 6. Wenquan spring-autumn pasture, 7. Entire Husta Grassland -summer-spring–
autumn, 8. The Centre of Husta-summer-spring-autumn, 9. Harnur summer 1, 10. Harnur summer pasture 2, 11. Xiaowenquan Summer pasture, 12. Sarimu Lake
summer pasture. Image created using ArcGIS Pro 2.5.0. Single use licence issued to Meng Qi by ESRI Australia Pty Ltd (Environmental Systems Research Institute). We
acknowledge the use of Esri base maps as noted in the image.
https://doi.org/10.1371/journal.pone.0240739.g010
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of cloud cover and haze problems in data acquisition. This resulted in monthly maps display-
ing the highest NDVI value for each pixel throughout the month. By overlaying seasonal pas-
ture areas, the average of NDVI values within each pasture was retrieved for further analysis.
4.3 Snow cover analysis
This study used Moderate Resolution Imaging Spectroradiometer (MODIS/Terra) Snow
Cover data (MOD10A2) [46] for snow cover analysis during the study period. These data pro-
vide the maximum extent of snow and ice coverage within eight days [47] and use a snow-con-
servative approach for snow detection based on reflectance features. Data are then screened
for false snow detections [48]. The MODIS snow cover data are mainly based on the Normal-
ized Difference Snow Index (NDSI) snow-mapping algorithm. NDSI is based on the high
reflectivity of snow in the visible part of the spectrum (VIS) and low reflectance in the short-
wave infrared spectrum (SWIR). We can create a normalized difference index for snow similar
to the NDVI [49], based on the ratio in equation number 2:
NDSI ¼
VIS   SWIR
VISþ SWIR
ð2Þ
In MOD10A2 data, snow cover was mapped by select MODIS radiance data of band 4 for
VIS, and band 6 for SWIR. Snow presents a value of>0.0 in the NDSI. However, not all sur-
faces within these characteristics are snow which can result in a snow commission error. Espe-
cially within cloud fringes similar values can be encountered. Hence, these data must go
through a process of snow commission errors alleviation. Several data screens were applied
based on the spectral features of snow and other characteristics to flag uncertain snow cover
detection and reverse it [48].
The MOD10A2 consists of two products; the first displays the mapped maximum snow
extent over a period of eight days. The second displays the chronology of snow occurrence
observations during the data acquisition period [47]. Here, we used the second product that
displays snow continuity during an eight-day period as a chronology of observed snow cover.
In this product, cloud cover was only included if there was persistent cloud cover on all eight
Table 1. Sentinel2 and MODIS data inventory.
Month NDVI analysis data Snow Cover Analysis
Sentinel2-A Sentinel2-B Total images MODIS (MOD10A2)
Dec. 2016 10 - 10 4
Jan. 2017 6 - 6 4
Feb. 2017 6 - 6 3
Mar. 2017 8 - 8 4
Apr. 2017 6 - 6 4
May 2017 6 - 6 4
Jun. 2017 6 - 6 3
Jul. 2017 6 6 12 4
Aug. 2017 8 6 14 4
Sep. 2017 4 5 9 4
Oct. 2017 8 6 14 3
Nov. 2017 4 10 14 4
Dec. 2017 8 12 20 4
Jan. 2018 4 12 16 4
Feb. 2018 6 8 14 3
https://doi.org/10.1371/journal.pone.0240739.t001
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days. If this was the case, then cloud cover was reported for a grid cell and the cell was not
included in the analysis [48].
Table 1 presents the number of MOD10A2 data products used for each month during the
study period. We classified monthly snow cover in each pasture to thin, moderate, and thick
based on the average snow cover. If an area was covered in all eight-day datasets for a specific
month it was considered thick coverage. When it was covered in only one out of three or four
datasets, it was considered thin coverage. If the value fell between the two, we assigned moder-
ate coverage. Finally, the percentage of each category including no snow cover was calculated
to describe relative snow coverage over pastures surfaces for each month.
4.4 Results
Below we go through each area designated by local pastoralists as having a specific usage,
briefly elaborating on the vegetation growth cycles and the snow fall patterns as well as any
issues with our simplified modelling approach. We group these areas into the seasonal move-
ment stages they belong to in order to see whether they do show commonalities or disparities.
4.4.1 Winter grazing grounds. As expected, the main requirement for a winter pasture is
limited snow cover during the cold months of the year, so animals can access food. In all three
areas we see little snow in the months of December through March. For Adunqiaolu there is
some thicker snow cover in February 2017, but then the next year sees almost no snow in the
same month. Kazan shows snow in December of 2016 but is completely free of snow in
December 2017. Crucially, there is no month during the year which sees complete thick or
moderate snow cover. Some parts of the pasture always remain open or are at most temporar-
ily covered with a thin layer of snow. Clearly the significance of observations made during two
consecutive years is limited, but neither of the years was considered extreme by the locals. Nei-
ther black nor white disasters were recorded for the time period the underlying data of the
model date to (December 2016 –February 2018). Hence, the time period covered can be
assumed to lie within the range of normal years where no shocks to the pastoralist system and
therefore no changes in herding patterns are observed.
The limited snow cover during the winter months is connected to the low quality of the pas-
ture in the following months. Even during the peak of the vegetation cycle in July the average
NDVI value barely exceeds 0.3 for the Adunqiaolu winter pasture and its core area and 0.25
for the Kazan winter pasture. The grazing grounds dry off quickly in summer and the NDVI
values decline. It is important to note that the NDVI values for barren areas, rock, and snow lie
around 0.1 to -0.1. Considerable snow cover therefore impacts the average NDVI values and
these averages are not directly connected to the quality of the grazing during the winter
months. Slightly higher grazing qualities can be expected since snow cover biases the NDVI of
a pasture area towards 0. Average NDVI values for winter pastures during the months of usage
seem to hover around a value of 0.1.
4.4.2 Spring/autumn grazing grounds. Spring/autumn pastures are more difficult to
identify, since they serve a transitional function and are usually only used during six to eight
weeks from late March to early May and from late September to early December. In terms of
snow cover the data showed a still considerable snow cover in March. With the beginning of
April, the vegetation saw rapid development which is consistent with the first movement of
pastoralists during the year. However, both Husta, including its core area, as well as the Wen-
quan spring/autumn pasture showed characteristics that need to be further elaborated upon
since they demonstrate the limits of a pasture classification approach based on NDVI averages
and snow cover. Wenquan, whereas consistent with the melting period and the first move of
the year, showed very low NDVI averages over the entire year, even trailing the overgrazed
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and dried off winter pastures. The topographic location of the Wenquan spring/autumn pas-
ture offered explanations beyond the simplistic assumptions of the model.
The Wenquan pasture seemed to only provide meagre grazing throughout the entire year.
The area lies to both sides of a river. Water has a very low NDVI value approaching -1 and
could considerably influence an average. However, even when excluding the river and the
denuded surfaces of the riverbed, the NDVI average stayed low. Therefore, other explanations
needed to be considered. According to ethnographic data, the most important reason for the
usage of Wenquan as a spring pasture was the early temperature increase which allows for a
shortening of the winter camping time. These range lands provided a convenient location
within the landscape as a transition area for heading up to the summer pastures as soon as
snow started to melt there. It also had small areas of lush vegetation next to the riverbank
which were too small in area size to influence the overall NDVI average much but provided
ideal grazing for a limited amount of time. The abundant availability of water next to the river
was convenient for herders and even allowed for limited agricultural activity including fodder
crops and sometimes vegetables. Beyond environmental factors, Wenquan served as a place
for exchange of animals and goods and stacking supplies for winter/summer periods.
The Husta grazing lands are not only used in spring and autumn but also in summer. The
reason for this lies in the favourable topographic location of the pasture. Its lower elevation
starts around 1400 m a.s.l. and the highest areas lie at 2200 m a.s.l. This allows for slow move-
ments inside the pasture area itself, depending on where the grazing is best. To the south, the
Husta pasture is framed by a small ridge of around 1600–1900 m a.s.l. The north side is backed
by the mountain range which defines the Bortala valley [38]. This creates a topographic situa-
tion where seasonal springs and small creeks provide water for the vegetation throughout the
growing season from spring to autumn and create one of the best grazing grounds in the entire
valley.
4.4.3 Summer grazing grounds. The summer pastures are characterized by late snow
melt in the spring, usually in the month of April, with a good chance of considerable quantities
of snow by October. Harnur East and West, as well as the summer pasture west of the Sarimu
Lake, clearly fit this pattern. Harnur East, one of the highest lying summer pastures, shows
consistent snow cover of between 70% and 100% from October through April, with most areas
displaying thick or moderate snow cover. The Adunqiaolu Northwest summer pasture and its
core area can experience full snow cover during the winter months (December 2016), but oth-
erwise see relatively little snow during the study period. We think that the chance of a full
moderate or thick snow cover excludes this area from safe usage during the winter, but there
may be sociocultural and practical factors at play as well. As discussed earlier, less snow cover
is not the only condition to be considered in defining a suitable winter pastureland. Winter
camping grounds also require specific landforms such as a small hill or depression for shelter
as well as easy external access. At an elevation of 2900 m a.s.l. the Adunqiaolu Northwest sum-
mer pasture is extremely cold in winter and the landforms offer no places for good shelter
from the wind. The track leading up to the pastures is difficult, particularly in winter when it
would be necessary to climb or descend steep, potentially snow-covered slopes.
All summer pastures show a late but accelerated start to vegetation growth in the month of
May. This fits with the second movement of the year in early May. The herds arrive on the
summer pastures around the time when vegetation growth is spiking up from its low level in
April. The average NDVI values for the summer pastures peaks in July with values around 0.7.
These average values are extremely high for grassland and speak for the excellent quality of the
grazing on these summer pastures. NDVI has been shown to correlate with productivity [50,
51]. The interrelations are certainly more complex, but as an approximation the summer pas-
tures can be seen as roughly twice as productive as the winter pastures in our case. This has
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clear implications for the calorie intake of the animals over the course of the year and demon-
strates why these seasonal movements are worthwhile.
4.5 Summary
The general model does provide insights into potential usage patterns of the landscape (Fig
11). The combination of snow cover and grazing quality seems to show relatively clearly what
a particular area is best used for and the results match up with the ethnographically assigned
usage. The Kazan winter pasture, for example, has relatively low pasture quality, but it is almost
free of snow in the harshest winter months of January and February, thus guaranteeing access
of animals to food. On the Wenquan spring pasture, the growth phase starts early and when
the first seasonal movements are made by pastoralists, the pasture is already relatively lush, see-
ing additional growth throughout the months of April and May. The quality of the grass then
stays fairly consistent throughout the summer. The herds, however, are moved to the summer
pastures like, for example, Sarimu. These have been under thick snow all winter, but as soon as
it melts in late April / early May, the intensive growth phase starts. These pastures provide the
best grazing throughout the summer into early fall. Before the first snow starts covering the
ground in October, the animals are moved back to the autumn pasture where they can graze
on the grass that was left untouched throughout the summer for a few more weeks before
eventually the move to the winter pasture completes the year.
5. Discussion
Studying patterns of modern seasonal herding movement, reinforced by analysis of pasture
quality and snow cover, makes it possible to infer specific seasonal occupation periods for
Bronze Age house sites. The archaeological evidence for Bronze Age occupation sites is limited
but sufficient to begin to address this question in a meaningful way.
5.1 Archaeological site distribution as compared to model-identified
pastures
5.1.1 Winter pastures. Terrain analyses were conducted for the wider Adunqiaolu winter
pasture as well as the core area, and also the Kazan winter pasture. Adunqiaolu, as the area
studied most intensively, has the strongest evidence for seasonality of use. Archaeological field
survey and excavation has recorded more than a hundred campsites around Adunqiaolu so it
is clear that the location was a favoured one in the Bronze Age. Several factors suggest that
House F1 at Adunqiaolu [18] was a winter encampment. A modern winter camp is located
immediately adjacent to F1, both taking advantage of the shelter provided by a low hillock just
behind the houses (Fig 6). Local informants testify that this pasture is ideal for, and in fact spe-
cifically reserved for, winter camps, while the analysis of snow cover confirms these ethno-
graphic accounts. Botanical studies provide additional supporting evidence. Pollen analysis of
sheep dung from the Bronze Age house exhibits a much more limited variety of species than
modern sheep dung collected near there in summer (sheep belonging to the pasture guardian
protecting the lands from out of season use), while the phytoliths present in the modern sum-
mer sheep dung come from less mature plants than those in the Bronze Age dung, suggesting
that the animals were very likely kept in the house during autumn or winter [52].
5.1.2 Summer pastures. Terrain analyses were conducted for Husta spring/summer/
autumn pasture, the core area of the Husta pasture, the eastern and western part of the Harnur
summer pasture, the north-western Adunqiaolu summer pasture, the core area of the north-
western Adunqiaolu summer pasture, and the Sarimu Lake summer pasture. Husta is a partic-
ularly favoured pasture, available from spring through summer into autumn. There is
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Fig 11. Idealised pastoralist movements based on ethnographic and remote sensing data. Left y-axis: snow cover in % displayed as a bar diagram
distinguishing thin/moderate/thick snow cover. Right y-axis: average NDVI value.
https://doi.org/10.1371/journal.pone.0240739.g011
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archaeological evidence to suggest that it was so significant in the Bronze Age that it was neces-
sary to defend it with walled lookout posts [29]. More than a hundred Bronze Age campsites
have been identified there. Harnur is a smaller pasture and the season of possible use is much
shorter than at Husta. Harnur East is one of the highest lying summer pastures. Fewer than ten
campsites have been recorded there across both Harnur East and West, but this is still suffi-
cient to demonstrate its use in the Bronze Age. There are also high mountain summer pastures
at Adunqiaolu where more than twenty camps have been identified. No survey has been con-
ducted in the Sarimu Lake summer pasture.
5.1.3 Spring/autumn. Terrain analyses were conducted for the Wenquan spring/autumn
pasture and the Husta spring/summer/autumn pasture. The low-lying land around Wenquan
has been subject to considerable modern disturbance and it has proved difficult to undertake
survey there, so the presence of Bronze Age sites cannot yet be confirmed. However, the ter-
rain analysis matches the ethnographic accounts, showing that the early appearance of grazing
and its late persistence is more important in spring and autumn than the quality, as it helps to
protect use of the winter pastures, the most critical of all throughout the seasons.
5.2 Paleoclimate
For the period of maximum Bronze Age occupation in the Bortala Valley from c. 3900–3400
cal yr BP [18] available palaeobotanical data indicate steppic vegetation broadly similar to that
of the present day. However, there are shifts within the paleoclimate that may have impacted
Bronze Age land use. Holocene climate records for western Xinjiang and surrounding regions
indicate localised variation over time, but they do exhibit a general pattern [53–55]. The start
of the Holocene saw generally arid vegetation in low lying areas, and steppe and forest at high
elevations. This changed with a somewhat cooler, wetter period starting around 6400 to 5500
cal yr BP, lasting until c. 4000 cal yr BP when there is a warming shift again. Cooler and wetter
conditions return in the very late Holocene. Within the Bortala valley itself, a recent study of
sediment from the Wenquan wetlands showed a shift from an arid sub-desertic landscape to
steppic conditions around 7500 cal. yr BP, with a more humid steppic environment from c.
4200 cal. yr BP (J. Dodson, pers. comm.). The Andronovo culture in Xinjiang is dated between
the 18th and the 14th centuries BCE, coinciding with the post 4000 BP warming shift. This may
have created more favorable conditions for summer grazing and may also have ameliorated
the severity of winter snowfall. Generalized as this evidence is, it indicates suitable conditions
for Bronze Age transhumant pastoralism and does not contradict the results of the combined
archaeological, ethnographic and terrain analyses discussed above. As with the ethnographic
data, for considerations of the influence of climate on site patterning, some constants such as
elevation, aspect and access still remain. The presence of residential structures in the Adun-
qiaolu winter pastures, with botanical evidence supporting their use in winter, suggests that
snow cover was also slight there in the Bronze Age. The large number of residential structures
at Husta [29] indicate that this was also a very much favored summer pasture in the Bronze
Age, although it is not clear as to how early and how late in the season it was used.
5.3 Pastoral mobility
Despite the apparent domestication of the horse at Early Bronze Age Botai in northern
Kazakhstan [56], horses did not form a significant component of Middle and Late Bronze Age
pastoral economies in the eastern Eurasian steppe which were dependent on cattle, sheep and
goat, in varying proportions determined by the micro-niches they exploited. Studies at Begash
in the western Dzhungar Mountains show a focus on sheep and goat over cattle as early as the
mid-3rd millennium BCE [25]. This may have helped to encourage the development of the
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vertical pastoralism that facilitated the spread of Andronovo groups in and across much of
Xinjiang during the 2nd millennium BCE. This pattern of a predominance of sheep and goat,
with fewer cattle, and horses exploited mainly for transport, is also present today in western
Xinjiang. However, from the Iron Age up to Late Medieval times, the steppes were dominated
by mounted tribal confederacies whose wide-ranging movements were facilitated by their reli-
ance on the horse for food, transport and warfare. This shift to new economic practices and
subsequent increasing social complexity can be seen by the Late Bronze Age with the appear-
ance of the Deer-Stone Khirigsuur culture [57, 58] and the emergence of highly mobile
nomadic pastoralism associated with the earliest “Scythian” horizon [59–62]. In western Xin-
jiang, traces of the Andronovo fade away towards the end of the 2nd millennium BCE, to be
replaced by transitional Bronze/Iron Age groups who may have exploited the landscape in
quite different ways. Over the past few centuries, with increasing state control over the steppes,
and over Xinjiang, tribal confederacies gradually lost their power. Together with wider access
to market economies, lifestyles began to differentiate again according to local conditions, per-
mitting us to draw close parallels between the Bronze Age and the present day.
6. Conclusion
While it has been generally accepted that the Eurasian Andronovo peoples were mobile pastoral-
ists, details of their specific adaptation to transhumant pastoralism in the Inner Asian Mountain
Corridor have not been widely explored archaeologically. This study, using detailed ethnographic
fieldwork and analysis of modern snow and grass cover, has shown that there is a strong correla-
tion between modern patterns of seasonal movement and those apparently practiced in the
Bronze Age. Investment in built structures in both periods further reinforces the close relationship
between the two. Botanical data obtained from House F1 in the Adunqiaolu winter pastures pro-
vides a range of evidence strongly supporting the hypothesis that the structure was used as a win-
ter camp while the widespread distribution of Bronze Age sites in modern winter and summer
pastures emphasises similarities in patterns of seasonal movement between the two periods.
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